Purpose To monitor visual performance in early age-related maculopathy (ARM). Methods We measured monocular visual functionFhigh-contrast visual acuity (HC-VA), central visual fields (mean sensitivity, MS), colour vision (desaturated Panel D-15), Pelli-Robson (P-R), and coneand rod-mediated multifocal electroretinograms (mfERG) in 13 ARM subjects and 13 age-matched control subjects with normal fundi at baseline and after 1 year. All had visual acuity of 6/12 or better. The mfERG data were compared to templates derived from the control group at baseline. We analysed the mfERG results by averaging the central and peripheral fields and the superior and inferior fields (CP and SI methods) and by calculating the local responses. Results The mean rod-mediated responses were significantly delayed in the ARM group for the CP (P ¼ 0.04) and the SI methods (P ¼ 0.03) at baseline compared to the control group. This did not change significantly after 1 year, whereas the mean cone-mediated responses were within the normal range at both times. Although the local analysis revealed lower amplitudes for the cone-and rod-mediated responses at baseline this was not found after 1 year and only the local rodmediated latencies were delayed at both times (Po0.01). HC-VA, desaturated Panel D-15 and P-R were significantly worse in the ARM group (Pp0.01) at baseline but did not show further significant deterioration. Progressive fundus changes were found in only two subjects (18%).
Introduction
Many aspects of retinal function can be altered in early ARM. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] There have been several studies showing impairment of the photopic and scotopic pathways in early ARM subjects. 8, 10, [12] [13] [14] [15] [16] Phipps et al 12 demonstrated an alteration of cone adaptational kinetics by measuring the post-bleaching recovery time to various contrast multiples. Falsini et al 13 showed altered temporal cone flicker sensitivity using the focal ERG and could discriminate between different degrees of ARM based upon funduscopic changes. Gerth et al 14 and Li et al 15 tested cone-mediated function with the multifocal electroretinogram (mfERG) in early ARM and found the latencies to be very sensitive for objective detection of functional impairment. Scholl et al 16 showed that retinal areas of increased fundus autofluorescence corresponding to drusen had a greater loss of scotopic rather than photopic sensitivity. Whether cone-or rod-mediated function is first affected still needs to be investigated but there is histopathological 9 and psychophysical evidence 8, 17 of a preferential rod vulnerability in early ARM. Curcio et al 9, 18 demonstrated a parafoveal rod loss but a normal foveal cone mosaic and Owsley et al 19 showed delayed rod-mediated dark adaptation in early ARM.
Owsley et al 8 further showed that mean scotopic sensitivity loss exceeded the magnitude of photopic sensitivity loss in 87% of their ARM subjects. Hood et al 20 developed guidelines for eliciting a rod-mediated mfERG and applied it successfully in subjects with hereditary diseases. We adapted a similar protocol to our laboratory conditions and subjects, to show a significant delay in the mean rod-mediated responses in early ARM compared to a control group, whereas the mean cone-mediated responses were within the normal range. 21 The aim of this study was to assess and monitor coneand rod-mediated function with subjective and objective vision tests in early ARM at baseline and after 1 year. Our hypothesis was that, given the evidence of preferential rod vulnerability, the best indicator of the vision function tests we used for detecting impairment and/or progression of early ARM was the rod-mediated mfERG.
Methods

Subjects
From 33 subjects who were initially selected from the Optometry Clinic at the Queensland University of Technology (QUT), Brisbane or were referred by local ophthalmologists and seen at baseline, 26 subjects were followed up after 1 year. Of these, 13 subjects made up the early ARM group (seven female, six male, mean age 72 years) and 13 subjects comprised the age-matched control group (eight females and five males, mean age 70 years). Of the other seven subjects seen at baseline, two developed a chorioretinal neovascularisation (CNV) in the tested eye, four were not able to return for private reasons and one subject had died. All subjects had a distance visual acuity of 6/12 or better and were phakic at both visits. They underwent a full clinical examination, including slitlamp and fundus photography. All subjects who were enrolled in the study gave written informed consent and the tenets of the Declaration of Helsinki and the requirements of the University Human Research Ethics Committee at QUT were followed.
Slitlamp photographs were taken for lens 22 and fundus grading 23 which were performed according to the templates of the Age-Related Eye Disease Study (AREDS) as previously described. 21 Retinal changes were graded independently by two experienced observers (BF, PS) using a set of the Wisconsin age-related maculopathy standards with example photographs and a grid with grading circles (AREDS Reading Center, University of Wisconsin, Madison, WI, USA). 23 One observer (PS) was masked to the subjects' functional results and agreement was achieved in all subjects with judgments of the other investigator (BF, not masked).
We defined early ARM as the presence of either hard or soft distinct and indistinct drusen greater than 63 mm in size with or without retinal pigment epithelial (RPE) abnormalities. Both types of drusen have been shown to damage cone and rod inner and outer segments. 24 Table 1 shows the characteristics of each ARM subject and the AREDS fundus grading 23 results at baseline and after 1 year.
mfERGs
The mfERGs (VERIS I, EDI Inc, San Mateo, CA, USA) were recorded under the same conditions as recently described. 21 We recorded monocularly by using DTL thread electrodes and optical correction for the stimulus viewing distance (50 cm). Pupils were maximally dilated (tropicamide 0.5% and phenylephrine 2.5%) and the subjects were instructed to watch the centre of the monitor. The frame rate of the hexagonal display was 67 Hz, and the hexagons flickered according to a pseudorandom binary m-sequence (2
13
-1 steps in length). The stimuli for the cones and rods were a 103 (35.5 Â 28 deg) and a 61 hexagon array (33 Â 28 deg), respectively. Retinal signals were bandpass filtered (1-300 Hz) and amplified (Grass P5 amplifier, Â 100 000). Blinks or small eye movements causing ERG artefacts during the recording segments were detected online and those segments were rejected and re-recorded. We used a cross extending to each corner of the screen to help subjects maintain fixation and controlled fixation by observing the subjects' recordings online on a monitor and by analysing the region of the blind spot after the recordings. Kernel overlap was excluded by performing an overlap test for each protocol.
Cone-mediated mfERG
The luminance was 100 cd/m 2 for the white hexagons and 2 cd/m 2 for the black hexagons (all our luminance measures were made with a Topcon BM-7 luminancecolorimeter). We divided the recordings into 16 segments (each about 11 s) and four files for averaging were obtained from every subject (total recording time was about 10 min per eye, not including resting time between the segments).
Rod-mediated mfERG
Rod-mediated mfERGs were recorded after 40 min dark adaptation using our protocol 21 (61 unscaled hexagons, Wratten 47B with ND filters and slowed stimulus sequence by inserting three blank frames) following the recommendations of Hood et al. 20 The luminance levels were 0.0098 cd/m 2 for the bright, 0.0005 cd/m 2 for the dark hexagons, and 0.004 cd/m 2 for the surround. 
Analysis
We applied Hood and Li's 25 computerized fitting method [26] [27] [28] [29] [30] and derived normal templates for each of the 103 and 61 hexagons by averaging the local mfERGs recorded from the 13 control subjects at baseline. We then compared the control and ARM subjects' baseline and 1 year amplitude (a-scale) and latency (t-scale) results against those templates. The quality of fit cutoff was set at 0.8 21, [25] [26] [27] 29, 30 and results higher than 0.8 were considered as noise. The records of the left eyes were mirror-imaged so that appropriate parts of the retina were being compared across eyes.
Before fitting the cone-and rod-mediated responses, the data were spatially averaged once (ratio ¼ 6) and the VERIS noise reduction procedure (NRP) was performed. 31 Signals were lowpass filtered at 80 Hz amplitude loss; cone and rod data were fitted over 55 ms (from 15 to 70 ms) and 120 ms (from 60 to 180 ms), respectively, to avoid early and late transients.
We applied the previously described methods 21 and analysed the results by comparing the averaged central (cen) and peripheral (peri) (CP method) as well as superior (sup) and inferior (inf) (SI method) a-and t-scales. We further analysed the a-and t-scales of each of the 103 and 61 local responses.
Cone-mediated mfERGs were analysed from 13 ARM eyes and from 13 control eyes at baseline and after 1 year. Rod-mediated mfERGs were analysed from 11 ARM eyes and 11 control eyes (ARM subjects l and p and two control subjects could not perform the rod mfERG procedure at both times) at baseline and after 1 year.
Psychophysical tests
Vision function tests were performed monocularly using standardized and recommended procedures at baseline and after 1 year. All subjects underwent the following tests: high contrast distance visual acuity (HC-VA, Bailey-Lovie charts), 32 
Statistical analysis
Analyses comparing mean and local cone-and rodmediated results were performed using analysis of variance (ANOVA) techniques as computed by the Statistical Package for the Social Sciences (SPSS-11). Repeated measures analyses of variance (ANOVA) within subjects (time, retinal location) and between subjects (group) were conducted.
Results
Mean cone-and rod-mediated mfERG results
On average there was a trend of lower mean a-scales for the ARM group compared to the control group for both cone-and rod-mediated responses for the CP and SI methods but this was not significant for either time (Figure 2a) . For the mean t-scales significantly delayed latencies (Pp0.04) were evident for all locations for the rod-but not for the cone-mediated results at both times (Figure 2b) . Figure 3 shows the trace arrays of the rodmediated mfERG for the control group and the delayed waveforms for the ARM group at baseline and after 1 year with the averaged overall responses on the right-hand side.
The repeated measures ANOVA for the mean a-and t-scales for the cones showed no significant effect for both methods. There was no significant group effect and no significant interaction between the groups by time and by locations. The rod-mediated mfERG demonstrated a significant group effect with longer latencies for the ARM group compared to the control group for both methods at baseline and after 1 year (CP method: t-scale:
However, no significant interactions was found.
Local cone-and rod-mediated mfERG results
Although there were significantly lower amplitudes for the local cone-mediated responses for the ARM group compared to the control group at baseline (Po0.01) amplitudes were within the normal range after 1 year and this was reflected in a significant group by time interaction (Table 2, Figure 4) . A significant group effect demonstrated faster local latencies for the ARM group at baseline and after 1 year (P ¼ 0.03) compared to the control group but no group by time interaction was evident here.
There were lower local amplitudes for the rodmediated responses of the ARM group compared to the control group at both times, but these were only significant after 1 year (Po0.01). A group by time interaction revealed that this significant difference was due to higher amplitudes for the control group after 1 year (Table 3, Figure 4 ). Further the local rod-mediated latencies showed a significant group effect with delayed latencies for the ARM group compared to the control group at both times (Po0.01). No group by time interaction was evident (Table 3) .
Psychophysical results
HC-VA, contrast sensitivity and desaturated colour vision (mainly Tritan defect, Table 1 ) were significantly impaired in the ARM group at baseline compared with the control group (Pp0.01) but did not change over time, while central visual fields were within the normal range at both times ( Table 4 ). The results of the repeated measures ANOVA show a significant group effect for the HC-VA (F (1,24) ¼ 20.1, Po0.01), the Pelli-Robson (F (1,24) ¼ 16.5, Po0.01) and the desaturated Panel D-15 (F (1,23) ¼ 7.3, Pp0.01) but no significant group by time effect. Thus, these test results were significantly impaired in the ARM group compared to the control group at both times but showed no further deterioration after 1 year. MS was not significantly different between the groups at baseline or after 1 year. The mean a-ratios (ordinate) for the central and peripheral (CP method) and for the superior and inferior field (SI method) at baseline (cenbase, peribase, supbase, infbase) and after 1 year (cen1year, peri1year, sup1year, inf1year) for the cone-(upper graphs) and rod-mediated (lower graphs) mfERG. Although there were slightly lower mean a-scales for the ARM group compared to the control group this was not statistically significant. (b) The mean t-scale ratios for both methods show significantly delayed rod and slightly faster but not significantly cone-mediated latencies for the ARM group for both methods. 
Grading results
We found progressive fundus changes in only two (18%) subjects (c and k) who developed more or new retinal pigment epithelium (RPE) abnormalities (Table 1) . Subject k was graded to a lower AREDS level (LII c3 from LIII b) because of new RPE abnormalities which have been shown to increase the risk of developing late ARM by about three-fold. 37 None of the control subjects developed early ARM after 1 year.
Discussion
Our results demonstrate impaired cone-and rod-mediated function at baseline with no further deterioration over a period of 1 year in the early ARM group. By using averaging methods (CP and SI) for the analysis of the mfERG results, a significant delay of the rod-mediated function was evident whereas cone function was within the normal range at both measurement times. Although the local analysis of the cone-and rod-mediated responses showed reduced amplitudes for the ARM group compared to the control group this was not the case after 1 year. However, consistent with the averaging method and our previous study, 21 we found delayed local rod-meditated and faster local cone-mediated latencies responses for the ARM group. Further, when we used a P value o0.01, appropriate to the number of tests we performed, the local rod-mediated latencies together with the conemediated psychophysical measures appeared to detect deficits best. Thus, our hypothesis that the rod-mediated mfERG would be the best of the tests we used for detecting functional impairment was not verified in our ARM sample. The group by time effects showed higher local coneand rod-mediated amplitudes after 1 year. This might be explained by the higher intraindividual variability for amplitudes 28 than for latencies which has previously been shown for the cone-mediated mfERG. Additionally in our recent study, we showed an amplitude increase for the normal control group by about 28% over a time period of 1 year but less variability in latencies for the rods. 21 Another reason for higher amplitudes for the rods after 1 year may be a stray light influence which is thought to be greater in an older population according to Hood et al. 20 Variation in pupil size and retinal illumination can also have an influence on the mfERG responses. 38 Chan and Brown 38 found that foveal mfERG amplitude increased with a slope of 5.24 nV/mm 2 of increased pupil area; this would predict an increase of about 120 nV in mfERG amplitude as pupil size increased for example from 6 to 8 mm in diameter. However, as our subjects' pupils were maximally dilated at both visits and we do not expect larger pupils after 1 year especially in older subjects, we do not think this was the case in our findings.
We therefore suggest greater reliance on latencies in detecting early changes than on amplitudes as they seem to be more robust. Delayed latencies in the conemediated mfERG have been shown to be early indicators in ARM 14 and in other diseases such as diabetes and hereditary retinal conditions. 29, 30, 39 Han et al 30 demonstrated that new diabetic retinopathy was predicted by delayed latencies in an area without diabetic retinopathy a year before diabetic retinopathy developed. Whether local faster cone-mediated latencies for the ARM group compared to the control group reflect altered synaptic transmission and beginning pathology or not still needs to be investigated, but we did find delayed rod-mediated latencies in the local and averaging analysis methods at both times. Curcio et al 40, 41 demonstrated a selective vulnerability of parafoveal rods over cones in early ARM and a progressive rod loss of 30% throughout the lifespan. The reason that we could not show any significant change in rod-mediated function over time might be because the loss is very slow, affecting only about 2 rods/mm 2 per year. 41 Curcio et al 40 further demonstrated that there were no gaps in the retina as the inner segments of the remaining rods expanded. It is possible that reduced rod function is compensated by the remaining rods at the beginning of the ARM disease process.
Fundus changes also did not progress in most of our subjects over this time period but slow progression in ARM has been described in other studies. 37, 42 The Rotterdam study 37 has demonstrated a slow but constant progression in ARM severity with age and time following a distinct, stage by stage course. After 2 years, the risk for developing the next stage of ARM was between 5 and 30%. Interestingly, this was lowest (5%) for the most advanced stage but increased to about 40% after 6.5 years, whereas less-advanced stages showed a progression rate to the next stage of less than 10% after 6.5 years. Given the slow progression rate, the short follow-up of our subjects and the fact that most of our subjects had more progressed fundus changes to begin with (Table 1 ) our functional and morphological results seem reasonable.
Our study further is in accordance with findings of several other studies showing that colour vision 3, 4, 6 and contrast sensitivity 5, 43 are sensitive in detecting early impairment of cone function subjectively in ARM. Whether follow-up with the rod-mediated mfERG over a longer period may indicate a significantly faster and greater rod-mediated impairment or not, as has been demonstrated with psychophysical tests, 16, 44 still needs to be investigated. In future monitoring rod function might become an important issue in the treatment of ARM. Mohand-Said et al 45 found protective effects of transplanted rods on host cones in animal experiments. It has been hypothesised that this might help the survival of cones and that postponing or blocking death of rod cells, for example by the use of pharmacological agents, might provide future treatment options. 46, 47 However, given that the rod-mediated mfERG is a time-consuming procedure, 20, 21 shorter and less-demanding protocols for assessing rod function would be more useful in the clinical setting. Further research is needed to establish if it is necessary to test close to the absolute threshold and if different colour or luminance backgrounds suppress or minimize cone function.
